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A B S T R A C T
The photocatalytic asphalt mixture provides safer roads and mitigates the air quality problems, trapping and
degrading organic compounds and also harmful gases. In this research, an asphalt mixture was functionalized
with nano-TiO2 by bulk incorporation, using the contents 3 and 6%, and by spraying coating using an aqueous
solution over its surface at different temperatures and rates. For bulk incorporation, the mechanical performance
was assessed. The factors – application procedure, influence of temperature, spraying rate, incorporation per-
centage and TiO2 immobilization (from traffic and rain removal) – were evaluated based on Rhodamine B (RhB)
degradation. For bulk incorporation, the best content nano-TiO2 was 3%. The temperature of the substrate has
no influence on the photocatalytic results. The most effective spraying rates were 8 and 16mL/cm2. Before
simulating the traffic effect, the spraying coating technique was more effective than the bulk incorporation one.
After this process, the opposite behaviour was detected. The rain simulation did not cause removal of the na-
noparticles. Additionally, the exposed aggregates affected the photocatalytic efficiency, being important their
contribution combined to the effect of nano-TiO2. To have the maximum benefit of the techniques studied, the
ideal solution would be the combination of both, with negligible impact on mechanical performance.
1. Introduction
The emission of the contaminants into the atmosphere is one of the
biggest concerns in the world nowadays. In general, transportation
sector and industrial activities are the main sources that damage air
quality. Namely, nitrogen oxides NOx (mainly NO and NO2) and volatile
organic compounds, which are among the most dangerous, can increase
the risk of respiratory problems [1]. Therefore, it is highly desirable to
reduce, at least, the disposal of these pollutants. However, in the cur-
rent stage of the society, the use of treatment methods that enable the
reduction of pollution is also extremely appropriate. In this sense, the
advanced oxidation process based on the use of semiconductor mate-
rials has demonstrated high efficiency in air purification [2–4] or liquid
effluents [5,6].
It is well known that photons with appropriate energy promote the
excitation of electrons from the valence band to the conduction band in
semiconductors. These formed charge carriers electrons at the con-
duction band and the holes (h+) at the valence band, in the most
interesting cases, can react with O2 and OH− species, respectively,
forming free radicals that are able to transform the NOx in nitric acid
(HNO3) [7]. The key reactions considering the titanium dioxide (TiO2)
material, one of the most used semiconductors in photocatalysis field
due to its remarkable properties such as the strong oxidation ability,
low-price, non-toxicity and chemical inertness, [8], are described
through Eq. (1)–(3) [9].
+ → +∙NO 2OH 2NO H O2 2 (1)
+ → +∙ − +NO OH NO H2 3 (2)
+ →− −NO O NO2 3 (3)
O2 and OH− species required in the above equations are abundantly
available in the atmosphere. Consequently, the immobilization of
photocatalysts over different external surfaces of the built environment,
such as pavements, roofs, tiles, glass, among others, which are sub-
jected to weather (humidity, rain and sunlight), represent a good
strategy to sustainably mitigate air pollution. In particular,
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photocatalytic pavements have received considerable attention because
of their huge occupied area and vicinity to the gases released by ve-
hicles. Moreover, the road pavements are mostly made of asphalt
mixtures. The generated species on the photocatalytic surface are
highly reactive and non-selective, the degradation of oils, frequently
found on roadways, may also occur contributing to the improvement of
road safety. In cement-based materials, the photocatalytic capability is
also promoted in order to guarantee anti-microbiological effects, de-
structing harmful bacteria/fungi beside the self-cleaning and de-pollu-
tion of NOx and Volatile Organic Compounds (VOC’s) [10–12].
One of the most recent concerns of the literature review about
photocatalytic materials regards experimental techniques to promote
TiO2 semiconductor doping with different materials in order to de-
crease its band gap, bringing the excitation energy to the visible range
of the electromagnetic spectrum [13]. In asphalt mixtures, the appli-
cation of La-doped [3] and Ce-doped [4] TiO2 nanoparticles prepared
by ultrasonic assisted sol–gel and ZnO by spraying coating, to create a
superhydrophobic surface [14], was evaluated. Nevertheless, to benefit
of TiO2 doping, it is important to evaluate the immobilization degree of
the semiconductor and its mechanical influence in the asphalt mixtures
to assure an acceptable time duration of the effect of the technique
adopted.
Three main techniques used to produce photocatalytic asphalt
mixtures can be highlighted: (i) spraying coating via an aqueous solu-
tion of semiconductors applied over the surface of the material (after
compaction); (ii) bulk incorporation (during the mix); (iii) bitumen
modification. The first technique is the most efficient and uses less
amount of semiconductor material, nevertheless it still is important to
confirm and guaranty the efficiency of semiconductor immobilization
on the materials surface. This method did not provide mechanical de-
terioration analyzed by Indirect Tensile Strength after water con-
ditioning [14]. The second technique probably guarantees the best
immobilization. This technique can impact the performance of the pa-
vements. The literature showed this concern in cement-based materials
[15,16], however this analysis is not common in asphalt mixtures. The
last technique provides a new capability of self-healing by closing the
micro-cracks of the pavements in service [17] and avoids/reduces the
UV light ageing [18]. The results of previous investigations show good
efficiencies of pollutants removal from the atmosphere by using
spraying technique and bulk incorporation of TiO2. Nonetheless, they
evidenced problems in keeping the semiconductors on the pavement
[19,20]. The immobilization of the semiconductors can be affected by
traffic wearing [14] and mostly by environment issues, like rain [19].
In the literature, only some initial results related with the me-
chanical characteristics of asphalt mixtures composed by nanomaterials
could be found. Most of the authors use the technique of bitumen
modification. The bulk incorporation technique was rarely evaluated
[20]. The resistance to permanent deformation and fatigue life can be
improved adding 5% nano-TiO2 and 2% nano-SiO2 by bitumen mod-
ification. Beyond these characteristics, the bitumen modification with
nanoclay can improve the aging resistance [21]. The best content of
nanoclay was 2% taking into account the mechanical behaviour of as-
phalt mixtures [22].
Therefore, the main goals of this work are to assess the im-
mobilization of TiO2 nanoparticles due to traffic and weathering, by
using two experimental techniques (spraying coating and bulk in-
corporation), and to analyse the mechanical behaviour of asphalt
mixtures functionalized by bulk incorporation. In a first phase, the in-
fluence of TiO2 nanoparticles on the mechanical properties for the bulk
incorporation technique was studied due to the possibility of changing
the mechanical behaviour. Then, for the spraying coating, the effects of
temperature and spraying rate in the immobilization of the nanoma-
terials were investigated. Lastly, for both techniques, the influence of
traffic and water was analysed by simulating traffic wear (abrasion) and
rain.
2. Materials and samples preparation
In this research AC 14 surf 35/50 asphalt mixtures were formulated
by the Marshall Method, using 92% of granite aggregates, 3% of
limestone filler and 5% of asphalt binder in weight of the mixture,
aiming 4% of voids content. The binder, Cepsa® 35/50, was char-
acterized by: i) Penetration of 30×10−1 mm (EN 1426/2015); ii)
Brookfield viscosity of 391 cP at 150 °C (EN 13302/2010) and iii)
Softening Point of 56 °C (EN 1427/2015). The aggregate composition of
the mixtures was: i) limestone filler: 3%; ii) 0/4 mm: 41%; iii) 4/8mm:
12% and iv) 6/14 mm: 44%.
In order to functionalize the asphalt mixtures, the semiconductor
nano-TiO2 by Quimidroga (TiO2 P25: 80% anatase and 20% rutile) was
used. Its purity is higher than 99.5% and the particle size is of about 23
to 28 nm [13]. The band gap of TiO2 was 3.20 ± 0.03 eV, corre-
sponding to the region of UVeA light. It was calculated using the Ku-
belka-Munk equation obtained from the diffuse reflectance spectrum
[23,24].
The asphalt mixes were prepared following the standard EN 13108-
1. The samples were compacted in two geometries: cylindrical to carry
out the water sensitivity test (EN 12697-12) and prismatic slabs to as-
sess the photocatalytic efficiency and to carry out mechanical char-
acteristics tests, such as fatigue resistance (AASTHO TP 8–94), stiffness
Modulus (EN 12697-26) and permanent deformation resistance (NP
12967-22).
Two techniques were adopted in order to obtain the photocatalytic
asphalt mixtures: spraying coating (after compaction) and bulk in-
corporation (during mix). The first one consisted of spraying at the
surface of the asphalt sample an aqueous solution of nano-TiO2 (4 g/L)
at pH 8 with an atmospheric air compressor at a distance of about
20 cm during 30 s, being the speed of the aqueous solution jet set at
100mL/min [14,20]. The substrate temperatures during spraying were:
room temperature (RT), 60 °C (both considering an application during
the use of the pavements), 100 °C and 140 °C (both considering the
application during paving and compaction). Three spraying ratios were
evaluated: 4, 8 and 16mL/cm2, according to the last studies [14,20,25].
The second technique, by bulk incorporation, consisted of partially
replacing the filler with 3% and 6% of TiO2 in mass of the bitumen
[20], without granulometric changes.
In order to assess the photocatalytic efficiency, small cylindrical
samples (3.6 cm diameter and 1.0 cm height) were drilled from the
prismatic slabs and then sprayed with the nano-TiO2 aqueous solution.
The lateral of most of the samples was covered with bitumen to elim-
inate the effect of the granulates cut on the photocatalytic efficiency
test results.
The samples were identified by characters representing the type of
functionalization, the percentage of TiO2, the spraying rate, the tem-
perature, the percentage of abrasion and the rain simulation. The code
of the samples starts by C, BI or SC to indicate the control samples, the
functionalized samples by bulk incorporation or the functionalized
samples by spraying coating, respectively. The samples which laterals
were not covered with bitumen were designated by WC (without cov-
ering). The samples submitted to wearing and rain simulation were
identified by the percentage of abrasion (e.g. 0.5% means 0.5% of a
superficial abrasion) and by W (water simulation), respectively. By bulk
incorporation, the samples were composed by 3 and 6% of TiO2, in-
dicated by 3%T and 6%T, respectively. By spraying coating, the sam-
ples were functionalized at 3 rates, 4, 8 and 16mL/cm2, indicated by
4R, 8R and 16R. The four temperatures of the asphaltic substrate during
the spraying: room temperature, 60, 100 and 140 °C, were identified by
RT, 60, 100 and 140. For example, the sample SC_8R_140_1%_W was
functionalized by spraying coating using the rate 8mL/cm2 at 140 °C
and submitted to 1% of abrasion and also rain simulation. The photo-
catalytic efficiency was evaluated in all samples, however only samples
C, BI_3%T and BI_6%T were evaluated through mechanical perfor-
mance.




In order to analyse the moisture resistance of asphalt mixtures with
and without nanoparticles, the Indirect Tensile Strength Ratio (ITSR)
test was carried out. Following the standard EN 12697-12, two groups
of each mixture is produced considering their volumetric properties.
One group of samples was immersed in water at 40 °C during 72 h, the
other one was kept out of the conditioning. After this process, all
samples were placed in a chamber at 15 °C during 2 h to test them under
indirect tensile Strength. The ratio between the wet samples (ITSw) and
the dry samples (ITSd) was calculated and defined as ITSR.
3.2. Permanent deformation
The permanent deformation of the asphalt mixtures was assessed by
the Wheel Tracking Test (WTT) (EN 12697-22). Therefore, for each
mixture, two prismatic slabs (30×30×4.0 cm3) were tested up to
10,000 cycles of a 700 N wheel at 0.44 Hz and 60 °C. The curve de-
formation versus cycle and the maximum rutting of the asphalt mix-
tures with and without TiO2 will be compared.
3.3. Stiffness modulus
This property, used for pavement design, was assessed by the four-
point bending test configuration (EN 12697-26) for the frequencies 0.1,
0.2, 0.5, 1, 2, 5, 8 and 10 Hz at 20 °C. The graph Stiffness versus
Frequency (Hz) of the asphalt mixtures with and without TiO2 will be
compared.
3.4. Fatigue test
This test aimed to measure the capacity of the mixtures to resist to
cyclic loading through the four-point bending test procedure (EN
12697-24). In this test, samples at 20 °C are submitted to sinusoidal
loading at 10 Hz, in strain control. When the stiffness modulus of the
asphalt mixture samples reaches half of their initial value, theoretically,
fracture occurs and the test stops. The fatigue resistance of the sample
corresponds to the number of loading cycles at the end of the test. The
graph strain level versus number of cycles will be presented.
3.5. Photocatalytic efficiency
The photocatalytic efficiency tests are based on the measurement of
the degradation of Rhodamine B (RhB) as a function of time irradiation
with an artificial sunlight [14,20]. Therefore, each asphalt mixture
sample was inserted into a beaker and completely immersed with 20mL
of RhB aqueous solution (5 ppm). After 3 h in dark condition (adsorp-
tion), the samples were irradiated during 8 h a light (300W - OSRAM
UltraVitalux lamp, 11W/m2 of UV light measured by Quantum Photo
Radiometer HD9021 Delta Padova). All the beakers were closed with a
transparent plastic film with at least 90% of transmittance in the wa-
velength range between 292 and 900 nm in order to avoid the eva-
poration of RhB. The photocatalytic efficiency (Eq. (4)) was calculated
using the Beer–Lambert law [20]. For this test, 3 samples were used and









where Φ is the photocatalytic efficiency, A and A0 represent the max-
imum absorbance of RhB (553 nm) solution for time “t” and 0 h after
irradiation, respectively, which were measured using a Shimadzu 3101
PC spectrophotometer.
3.6. Traffic simulation
To assess the impact of the traffic wearing, i.e. the semiconductors’
removal by traffic, mechanical abrasion was carried out homogeneously
over the asphalt mixtures’ surface using a metallic wire brush disc (at
450 rpm), conducting to 3 mass loss levels: 0,5%, 1%, 2% [14].
3.7. Rain simulation
In order to assess semiconductors’ removal by water, each sample
was submitted to rain simulation through a water flow of 100mL/min
during 5 h. The total water volume corresponds in average to one year
of rain in Portugal.
4. Results and discussions
4.1. Performance of the asphalt mixtures
4.1.1. Water sensitivity
The results of ITS and water sensitivity (ITSR) of the asphalt mix-
tures composed by TiO2 incorporated in volume are presented in Fig. 1a
(3.7% average air voids). The ITS and the ITSR were affected by the
content of TiO2. The lowest content of TiO2 (BI_3%T) led to lower va-
lues of these parameters, while the highest content (BI_3%T) led to
higher ITS and lower ITSR. It can be concluded that the use of TiO2 by
bulk incorporation reduces the water resistance of the asphalt mixture.
However, all the results of ITSR are higher than 80%, the minimum
value requested for this parameter of the water sensitivity of asphalt
mixtures in Portugal.
4.1.2. Permanent deformation
The permanent deformation test has a high importance in countries
with hot climate where this phenomenon manifests itself with large
significance. The permanent deformation was affected by the content of
TiO2 (Fig. 1b). On the one hand, the lowest content of TiO2 (3%)
conducted to a slightly higher deformation (7.5 mm) than the conven-
tional mixture (6.8 mm). On the other hand, the highest content of TiO2
(6%) conducted to better results of this parameter (4.95mm), reducing
the permanent deformation.
4.1.3. Stiffness modulus
The stiffness of the asphalt mixture was also influenced by the
content of TiO2 (Fig. 2a). While the lowest content of TiO2 (3%) con-
ducted to a lower stiffness than the conventional mixture, the highest
content (6%) conducted to similar stiffness moduli. This performance is
in accordance with the results found the permanent deformation.
4.1.4. Fatigue resistance
Fig. 2b presents the fatigue curve (number of cycle versus applied
strain) determined for the 3 asphalt mixtures. Good determination
coefficients (R2) were achieved, higher than 0.85. The asphalt mixture
composed by 3% of nano-TiO2 had the same behaviour as the con-
ventional asphalt mixture, the fatigue curves are overlapped. The fa-
tigue resistance of the asphalt mixture was affected only when 6% of
nano-TiO2 was used, reducing the fatigue resistance under very low
strain, as can be seen through the higher slope.
4.2. Photocatalytic efficiency
4.2.1. Evaluation of substrate temperature during application
The dependence of the substrate temperatures (RT, 60 °C, 100 °C
and 140 °C) on the photocatalytic efficiency of the samples functiona-
lized with TiO2 by spraying is illustrated in Fig. 3. There was no sub-
stantial difference in the photocatalytic performance of the samples at
different temperatures. The results obtained for the samples with lateral
surfaces not covered with bitumen (Fig. 3a) suggest the increase of the
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photocatalytic efficiency due to the contact of the aggregates with RhB
dye solution and to light exposition. The same situation, but with the
samples laterals covered with bitumen lead to a decrease of the pho-
tocatalytic efficiency (Fig. 3b). After covering the laterals of the control
samples, it decreased 29%. In average, a reduction of 17% was found
for the functionalized samples. Thus, in order to eliminate the lateral
effect of the exposed aggregates, all the experiments were carried out
with samples covered with bitumen, except in their superior faces (i.e.
the functionalized faces). In this sense, the selection of aggregates
seems important since their constitution can facilitate the photo-
catalytic process together with TiO2 mainly for oil/grease degradation
in order or reduce road accidents caused by contamination of these
materials.
After the abrasion and weathering processes with 1% of superficial
abrasion, this trend was the same (Fig. 3c). However, in this case there
was a decrease of about 10% on the photocatalytic efficiency compared
to the samples that did not undergo the abrasion process, which
probably is related to the removal of photocatalytic materials on the
Fig. 1. a) Water Sensitivity; b) Permanent Deformation Results.
Fig. 2. a) Stiffness Modulus; b) Fatigue Resistance.
Fig. 3. Photocatalytic Efficiency for Different Temperatures: a) before abrasion
and without lateral covering; b) before abrasion and with lateral covering; c)
after 1% superficial abrasion and rain simulation.
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coated surfaces. From these results it can be concluded that, under the
severe abrasion and the rain simulation processes, the functionalization
of the pavements at room temperature is feasible. Therefore, the
spraying technique may be applied at anytime of the pavement life,
including construction and use. Also, the reapplication of the technique
is possible after the removal of the nanomaterials.
4.2.2. Evaluation of substrate spraying rate
To evaluate the spraying ratio effect, three rates were selected and
applied at room temperature: 4, 8 and 16mL/cm2. Prior to abrasion
process, the most effective rates were 8 and 16mL/cm2 which lead to a
photocatalytic efficiency of about 60% (Fig. 4a). Under abrasion of
0.125%, the best rates were in ascending order: 4; 8; 16mL/cm2
(Fig. 4b). After rain simulation, also the most effective rates were 8 and
16mL/cm2 (Fig. 4c). The other tests were carried out using the inter-
mediate rate (8 mL/cm2) due to the similarity under rain simulation
and before abrasion. Also, the rate uses half of the volume per cm2,
being more economic than the rate of 16mL/cm2.
4.2.3. Study of the fixation of the nanomaterials
The study of the fixation was carried out for 6 situations (Fig. 5): a)
before abrasion; b) after rain simulation; c) with 0.5% of a superficial
abrasion; d) with 0.5% of superficial abrasion and after rain simulation;
e) with 2% of superficial abrasion; and f) with 2% of superficial abra-
sion and after rain simulation.
The photocatalytic efficiency was much higher for the spraying
coating than the functionalization by bulk incorporation before abra-
sion (Fig. 5a and b). Probably the low efficiency of these samples
functionalized by bulk incorporation was due to the low content of TiO2
over the surface (i.e. exposed to the light) and also because the super-
ficial bitumen film covers the nanoparticles.
However, after the superficial abrasion, the photocatalytic effi-
ciency of the sprayed samples decreased in opposition to the bulk in-
corporation process (Fig. 5c–f). For example, the photocatalytic effi-
ciency of BI_3%T increased from 32% (Fig. 5a) to about 40% and 55%
with 0.5% and 2% of abrasion, respectively (Fig. 5c and e). For the
BI_6%T, it was registered an increase of 4% and 41% under the same
levels of abrasion. After the abrasion, the TiO2 applied by the spraying
technique was removed from the surface while by bulk incorporation it
was more exposed. This effect is more important for higher levels of
abrasion. In view of this, it is essential to evaluate the impact of the
abrasion on photocatalytic materials which will be submitted to this
process in their life time.
Contrarily to the expectations, which were the achievement of
better results for higher percentages of nano-TiO2, for bulk incorpora-
tion, the highest photocatalytic efficiency was found for the samples
with lower content of TiO2 (BI_3%T). A possible explanation is that
higher percentages can result in photocatalytic particle’s agglomera-
tion, thereby decreasing its surface area and consequently the photo-
catalytic efficiency. Additionally, the photocatalytic efficiency was not
affected under rain simulation (Fig. 5b, d and f). Also, the spraying
coating technique lead to a very high photocatalytic efficiency, in-
cluding under the rain simulation. However, when this process is pre-
ceded by abrasion, the TiO2 nanoparticles are removed leading to lower
efficiency. Therefore, the impact of rain simulation is very reduced
since it did not remove the particles.
In practice, road pavements are submitted to traffic abrasion mostly
on the wheel tracks. The other areas of the traffic lanes and also the
shoulders are mostly submitted to weathering. Taking into account the
low impact on photocatalytic efficiency of the rain, it is expected a high
performance of both techniques on field since the area submitted to the
abrasion is significantly lower than the total area of the pavement.
5. Conclusions
The aim of this research was the analysis of the impact of photo-
catalytic asphalt mixtures functionalized by bulk incorporation on
mechanical performance and by both bulk incorporation and spraying
coating on photocatalytic efficiency considering the following factors:
application temperature, traffic (wearing) and climate (weathering).
Based on the results of this research, the following conclusions can be
drawn:
• For bulk incorporation of nano-TiO2, the moisture resistance was
reduced but respected the limit by the Portuguese specification for
top layer asphalt mixtures. On one hand, the higher content of TiO2
(6%) improved the permanent deformation, had similar results of
stiffness modulus and reduced the fatigue resistance under very low
strain, when compared with the conventional mixture. On the other
hand, when compared with the conventional mixture, the lower
content of nano-TiO2 (3%) increased slightly the permanent de-
formation, conducted to a lower stiffness, but kept the fatigue
Fig. 4. Photocatalytic Efficiency for Different Spraying Rates: a) before abra-
sion; b) after 0.125% of a superficial abrasion; c) after rain simulation.
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resistance.
• The granitic nature of the aggregates provided an increase of the
photocatalytic efficiency. Thus, the selection of aggregates is im-
portant since it can improve the photocatalytic process together
with TiO2.
• The temperature of the substrate had no influence on the photo-
catalytic results before and after the abrasion process used to si-
mulate traffic wearing. Therefore, the coating technique can be used
at the construction or paving phase and also at any time of the
pavement’s use.
• The most effective spraying rates were 8 and 16mL/cm2 before the
abrasion and after rain simulation. Under abrasion of 0.125%, the
best rates were in ascending order 4mL/cm2<8mL/cm2< 16mL/
cm2.
• The photocatalytic efficiency was much higher for the spraying
coating than the functionalization by bulk incorporation before
abrasion. The low efficiency by bulk incorporation was probably
due to the low content of TiO2 over the surface of samples.
• Only under rain simulation, the photocatalytic efficiency was not
affected. The spraying coating has a very high photocatalytic effi-
ciency including after this process.
• After abrasion, the photocatalytic efficiency of sprayed samples was
highly reduced, while for bulk incorporation samples it increased
with the level of abrasion.
• The rain simulation in combination with abrasion washes the
surface, removing the nanoparticles which were not immobilized.
In this work the main methodological issue was the simulation of
the traffic wearing through an abrasion process. For big samples there
are some recognized wearing techniques, however for small samples a
traffic wearing procedure needs to be developed and validated.
Nevertheless, the procedure adopted for this study seemed adequate
and provided good results.
With these results seems acceptable to forecast a good performance
of the photocatalytic road surfaces on field. The surface of road pave-
ments is submitted to traffic wearing mostly in the wheel tracks. It
represents a reduced percentage of the total area of the surface. In view
of the low effect of rain on the photocatalytic efficiency, it is expected a
good performance of the spraying coating technique, less expensive.
The ideal solution would be the combination of both techniques, with
negligible impact on mechanical performance, however it requires a
cost-benefit analysis.
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